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Using °Be and 25Al measured in sediment and bedrock, we
quantify rates of upland erosion and sediment supply to a small
basin in northwestern New Mexico. This and many other similar
basins in the southwestern United States have been affected by
cycles of arroyo incision and backfilling several times in the past
few millennia. The sediment generation (275 #+ 65 g m~2 yr~1) and
bedrock equivalent lowering rates (102424 m myr—1) we deter-
mine are sufficient to support at least three arroyo cycles in the past
3,000 years, consistent with rates calculated from a physical sedi-
ment budget within the basin and regional rates determined using
other techniques. Nuclide concentrations measured in different sed-
iment sources and reservoirs suggest that the arroyo is a good spatial
and temporal integrator of sediment and associated nuclide con-
centrations from throughout the basin, that the basin is in steady-
state, and that nuclide concentration is independent of sediment
grain size. Differences between nuclide concentrations measured in
sediment sources and reservoirs reflect sediment residence times
and indicate that subcolluvial bedrock weathering on hillslopes
supplies more sediment to the basin than erosion of exposed bed-
rock. ®2001 University of Washington.

INTRODUCTION

Determining rates of sediment generation is important f

Puerco underwent multiple cycles of aggradation and gullyin
(Bryan, 1925; Love, 1986; Love and Young, 1983). The arroy
network of this 1600 krhbasin last began incising during the late
1800s (Bryan, 1925; Aby, 1997; Gellis and Elliott, 1998); how-
ever, since~1940, these arroyos, with the exception of som
low-order channels that continue to migrate headward (Fig. 1
have been aggrading (Gelésal.,, 2000; Gellis and Elliott, 1998;
Elliott et al, 1999).

Arroyo incision and subsequent backfilling form a cycle tha
has repeated itself several times in the past three millennia (Lo
and Young, 1983; Love, 1986; Gellet al, 2000). Cycles of
arroyo cutting and filling require a sediment source sulfficier
to refill the arroyo following periods of incision (Cooke and
Revees, 1976). There are two primary sources for this sedime
erosion of the uplands and aeolian input. Recent sediment-tr
data (Gelliset al,, 2000) indicate that aeolian transport is re-
sponsible for less than 1% of the total sediment moving in ot
study area. Therefore, in this paper we focus on rates of sedime
generation from bedrock erosion in the uplands.

In order to quantify long-term sediment generation rate
within Arroyo Chavez (Fig. 1 and 2), a tributary of the Rio
Puerco, we measured situ produced cosmogenit’Be and
26A1 in the quartz fraction of 16 sediment and 3 bedrock sarr

les. We use the drainage network of the basin as an integratol

ediment from throughout the basin and interp?Be anc?eAl

(0] . . . .
L = thentraﬂons in stream channel sediments as representativ
changes in climate and land use. On the semiarid, southern Col-

o N sinwide average concentrations (Bierman and Steig, 199
orado Plateau, changesin climate and land use have significa tr methods are better suited to determining long-term sedime

22::; necte;jl Iazn(;jos(;:)aﬁ):%f\g;s]oTél‘sgﬁﬁtﬁlﬁel?_?ggsggél?r?el;Ri&eneration rates than traditional sediment monitoring becau
? ' Pe, 9 ' e accumulation of nuclides integrates rates over thousan

of years, a time span over which short-term (decadal) fluctu

I Current address: C/O SME, 4 Blanchard Road, Box 85A, Cumberland c&iPNs in climate and sediment generation will not be significan
ter, Maine 04021. E-mail: emc@smemaine.com. Fax: (207) 829-5692. Our results demonstrate the value of cosmogenic isotopes

understanding landscape evolution and landscape responig

235 0033-5894/01 $35.00

Copyright© 2001 by the University of Washington.
All rights of reproduction in any form reserved.



236 CLAPP ET AL.

FIG.1. Arroyo Chavez subbasin, southeastern edge of the Colorado Plateau. Looking north into the subbasin. Northern boundary of the watershed is
of the photograph where roads join. Front of photograph is 2.5 km across.

providing rapid estimates of long-term sediment generation ratest contain distinct paleosols, thus suggesting rapid or stea
and illustrate one of the many different spatial scales at whielggradation.

the method may be applied. Material shed from the basin hillslopes is deposited on a
luvial fans and on the valley bottom. The valley fill i85 m
GEOMORPHIC SETTING thick based on bedrock outcrops observed at the bottom of t

arroyo. The channelis 1 to4 m wide. The basin alluvium com-

Arroyo Chavez occupies a small basin (17.3%mn the prises alternating layers of fine sand, medium to coarse sand, ¢
Colorado Plateaw-2 km above sea level (Fig. 2). The climatecoarse sand with occasional pebbles. It is weakly cemented
is semiarid (mean annual precipitation, 377 mm; Galtisl, calcium carbonate, crudely stratified, and there are no distin
2000). Our study focuses on the headwaters, a 12skiabasin  soil horizons.
underlain primarily by homogeneous, arkosic sandstone. The
basin is characterized by more resistant, flat-lying sandstones
that form mesa tops, overlying less resistant, hillslope-forming IN SITU PRODUCED COSMOGENIC ISOTOPES
sandstones and shales (Fig. 3). IN SEDIMENTS

Regolith is present on most hillslope and mesa surfaces. The
mesa tops have a thin, 0- to 20-cm veneer of fine-grained, quartzi°Be and?®Al are produced in quartz from the interaction of
rich sand and silt (69%: 2000u.m). The hillslopes have similar secondary cosmic rays (primarily high-energy neutrons) wit
colluvial deposits generally less than 30 cm deep<(153+ Si and O (Lal, 1988). These cosmogenic radionuclides acc
14.3 cm,n = 50); bedrock hollows contain deposits as deep asulate most rapidly in sediment and bedrock residing at c
90cm. Atthe base of some hillslopes, gently sloping alluvial famear Earth’s surface<3 m depth); accumulation or “produc-
have formed£5 mthick). The fan deposits are weakly stratifiedjon” rates decrease exponentially with depth (Lal, 1988). A
are the same color and texture as the hillslope colluvium, andiduerse relationship exists between the rate at which sedime
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New Mexico
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FIG. 2. Topography of the Arroyo Chavez subbasin. Samples are designated with squares (bedrock), circles (channel sediment and colluvium), and
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FIG.3. Schematic cross section of the Arroyo Chavez subbasin depicting the general flow of sediment from sources (weathering of exposed bedrock
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is being generated and transported from a drainage basin METHODS
(erosion) and the concentrationiofsitu produced cosmogenic _
nuclides in that sediment (Lal, 1991; Brovet al, 1995a; Sample Collection

Bierman and Steig, 1996; Grangetal, 1996). The relation-  gegiment and bedrock samples were collected from the res

ship between nuclide concentration and sediment generatipfi< gescribed in the previous sections (Table 1, Figs. 2 and :
rate has been quantified using interpretive models (Lal, 1994z collected three bedrock samples from ridges surrounding t
Bierman and Steig, 1996); nuclide measurements have begRhasin. Three evenly spaced sediment samples were collec
used to estimate time-integrated rates of sediment generatlggng a hillslope transect 320 m long; each was an integration
bedrock lowering, and sedimentyield (e.g., Bierman and TUr@fa 10-to 20-cm depth of hillslope colluvium. We assumed com
1995; Brownet al, 1995a; Grangeet al, 1996; Smallet al,  pjete mixing of sediment would occur for such shallow cover
1999). . _ Four homogenized sediment samples were collected from diffe

The Arroyo Chavez basin can be thought of as aseries of resgl; sjtes along the bottom of the active stream channel (Fig. :
voirs (hillslope colluvium, alluvial fan sediment, basin a"uv'umAdditionally, four alluvial fan sediment samples were collecte
and channel sediment) through which sediment flows en rO¥§m a 4-m-deep vertical profile (Fig. 2). Fan samples were co

from bedrock source areas to the basin outlet (Fig. 3). Durifg.teq at approximately 100-cm depth increments: each sam
transport and storage, nuclides accumulate and record the fel

oo : X o6 S integrated over a 10-cm depth range. A similar 3.8-m-de¢
ative time of sediment residence. We measufie and*Al profile was sampled where the basin alluvium was exposed |

concentrations in indiyidual reservoirs to t(—?st agsumptions us(_ﬁg main stem of Arroyo Chavez (Fig. 2).
to interpret cosmogenic nuclide concentrations in sediment. Dif-

ferences between nuclidg concentra}tions in different reservoérﬁmloIe Preparation

can be used to track sediment contributions.

The interpretive model used to determine sediment generatiorf\ll sediment samples were prewashed in HCI to remove ca
rates from cosmogenic nuclides measured in sediments (Brob@gnate. Five samples (ECAC-11, -14, -19A, -19D and -J19C
et al, 1995a; Bierman and Steig, 1996; Grangeal, 1996) is were sieved to test the relationship between grain size and r
based on a balance between nuclides produced in or enteriride concentration. The remaining 12 sediment samples we
drainage basin and those leaving the basin (Fig. 4). To calculatéved to yield only the 250- to 10Q0m size fraction. All par-
meaningful sediment generation rates from nuclide abundandégies smaller than 125m were discarded to minimize aeolian
two assumptions must be valid: the total reservoir of cosmogegientribution (Reheis and Kihl, 1995). Samples were heated al
nuclides C) within the basin must remain constant over timgltrasonically etched to isolate 20 to 30 g of pure quartz (Kot

(steady state) and the sediment leaving the basin must be vl Nishiizumi, 1992), which was dissolved in HF containing
mixed. 250u.g of Be carrier. Be and Al were thenisolated usingion chro

matography, and isotopic ratios were determined by accelera
mass spectrometry at Lawrence Livermore National Laborator
Al was measured in duplicate aliquots by inductively couple
P eff argon plasma spectrometry—optical emission.
P in situ production of '°Be
Data Interpretation

"Be imported from

other basins by aeolian Thel%Be and?®Al measured in 26 samples from 12 locations

Seﬂ‘é“é&‘é'lg'&p"“ m (Tables 1 and 2, Fig. 5) are well correlated. The time scale ov
{Gells ot ol 2000; Reeis & K, 1095 C ma::degspgtc i;'ft esgfjjgm which our samples could have been buried is too short to affe
—> the 2Al/1°Be ratio, thus thé°Al measurements can be consid-
P!’ ered replicates of th€Be measurements. Both tHBe and?®Al
radiogenic production AP measurements are used in the calculation of average erosion
of “Be m = il 8 sediment generation rates. To streamline data presentation,
NEGLIGIBLE % _ tg p :
(sramo & tasgoion, 1999 C discussion focuses on theBe data.
radlo&cl;t‘l;'; ;ecay Production rates of 6.03 and 36.8 (atoms gr—?) for 1°Be
NEGLIGIBLE and 5Al, respectively (Nishiizumiet al, 1989), were used in

{(Bierman & Steip, 1906)

the calculation of erosion rates. The production rates were scal
FIG. 4. Balance of cosmogeni®Be in the Arroyo Chavez basin (adaptedfor latitude and elevation according to Lal (1991), assuming n
from Bierman and Steig, 1996). Unshaded arrows represent nuclide inputsyefion production (Browret al, 1995b) and 20% uncertainty
outputs which are negligible. Black arrows represent nuclide inputs or outpl(@lark et al, 1995). No corrections have been made for quart
which control the total nuclide inventoryC of the basin. Basinwide nuclide . ’ . S
inventory is controlled byn situ production @eff) and the rate that nuclides enrichment (Smalbt al, 1999) as our quartz-yleld data indi-
are carried away with sediment through mass expojt The characteristic Cateé~25% quartz content for bedrock samples ar2R% for

attenuation length for fast neutrons)(is constant (165 g crf). sediment samples. All statistical comparisons were made usil
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TABLE 1
Locations and Descriptions of Samples from Arroyo Chavez Basin, New Mexico
Sample Latitud® Longitudé Elevatior? (km) Sample type Grain sizgin)
ECAC1 N3542.301 W107°06.063 2.030 bedrock not applicable
ECAC 4 N3542.106 W107°06.487 2.042 bedrock not applicable
ECAC6 N3542.359 W107°06.619 2.042 bedrock not applicable
ECAC 8-2 N3540.163 W107°05.415% 1.951 channel sediment 500-1000
ECAC 9 N3541.56% W107°06.018 1.963 channel sediment 250-1000
ECAC 10 N3541.941 W107°06.068 1.972 channel sediment 250-1000
ECAC 11-1 N3542.246 W107°06.415% 1.978 channel sediment 125-500
ECAC 11-2 N35842.246 W107°06.415% 1.978 channel sediment 500-1000
ECAC 11-3 N3542.246 W107°06.415% 1.978 channel sediment 1000
ECAC 12 N3542.179 W107°06.652 2.006 hillslope colluvium 250-1000
ECAC 14-1 N3542.188 W107°06.610 2.003 hillslope colluvium 125-500
ECAC 14-2 N3542.188 W107°06.610 2.003 hillslope colluvium 500-1000
ECAC 14-3 N3542.188 W107°06.610 2.003 hillslope colluvium >1000
ECAC 16 N3542.211 W107°06.557 1.998 hillslope colluvium 250-1000
ECAC 19A-1 N3542.271 W107°06.423 1.984 basin alluvium 125-500
ECAC 19A-2 N3542.271 W107°06.423 1.984 basin alluvium 500-1000
ECAC 19C N3542.271 W107°06.423 1.985 basin alluvium 250-1000
ECAC 19D-1 N35842.271 W107°06.423 1.986 basin alluvium 125-500
ECAC 19D-2 N3542.271 W107°06.423 1.986 basin alluvium 500-1000
ECAC 19E N35842.271 W107°06.423 1.986 basin alluvium 250-1000
ECAC 19G N3542.271 W107°06.423 1.987 basin alluvium 250-1000
ECAC 19G-3 N3542.271 W107°06.423 1.987 basin alluvium >1000
ECAC 20A N3542.271 W107°06.423 1.991 alluvial fan sediment 250-1000
ECAC 20B N3542.271 W107°06.423 1.992 alluvial fan sediment 250-1000
ECAC 20C N3542.271 W107°06.423 1.992 alluvial fan sediment 250-1000
ECAC 20E N3542.271 W107°06.423 1.995 alluvial fan sediment 250-1000

2 Measured using Garmin 75 hand-held GPS.
b Measured using hand-held altimeter calibrated to local benchmark.
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FIG.5. Average!®Be concentrations for individual sediment reservoirs in the Arroyo Chavez subbasin. Inset4Bews25Al concentrations for all Arroyo
Chavez samples. Best-fit line has a slope of 683231 (based on methods of York (1969)), consistent with the currently acc®gted°Be production ratio of

~6:1 (Nishiizumiet al, 1989).
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TABLE 2 a confidence interval of 90% and independetgsts assuming
Concentrations of 1°Be and Al Measured in Samples unequal variance (Ott, 1993).
from Arroyo Chavez Basin, New Mexico

RESULTS AND DISCUSSION

1OBe 26A|
Sample (1B atoms g*) (10° atoms g*) Isotopic data indicate that Arroyo Chavez sediment is we
Bedrock outcrops mixed and thatthe basinisin steady state. Based on this eviden
ECAC1 1.19+ 0.07 743+053  we use the data to determine basinwide sediment generati
ECAC4 2.48+0.12 157+ 1.15  rates.
ECAC6 1.98+ 0.09 12.82+ 0.75
Average 1.89 0.37 11.98+ 2.42 Model Evaluation
Bedrock nuclide abundancehillslope (P = 0.08)
and fan @ = 0.06)° Fluvial Integration of Basin Sediments
Hillslope Colluvium Sediments generated from the upland hillslopes and bedro
ECAC12 1.31+0.08 8.07+0.57  ogutcrops are mixed together by bioturbation, rain splash, ar
ECAC14-1 0.66t 0.15 499047 freaze—thaw. In the Arroyo Chavez basin, there are few dire
ECAC14-2 0.82+ 0.11 3.80+ 0.39 . .
ECAC14-3 0.75¢ 0.14 411+ 044 Pathways for upland sediment to enter the main stem of tt
ECAC16 1.24+0.12 7.02+ 0.47 arroyo without first mixing with hillsope colluvium. Mixing and
Averagé 1.10+£0.18 6.46+-1.12  integration of sediment and associated nuclides continues
Hillslope nuclide abundance bedrock £ = 0.08) material is transported and deposited in alluvial fans and valle
and channelR = 0.06f alluvium. As the channel meanders across the basin, the arrc
Alluvial fan profile incises through the basin alluvium, and arroyo walls collaps
ECAC20A 0.76+ 0.06 469+ 0.36  into the channel. Subsurface piping removes sediment from tl
ECAC20B 1.09+ 0.06 6.42:0.43  valley fill and delivers it to the arroyo channel (at the time of
ECAC20C 0.80t 0.06 4.90+0.38 sampling, more than five recent wall failures and hundreds ¢
ECAC20E 0.89+ 0.06 5.24+ 0.40 g
Averag® 0.87+ 007 5031 038  Subsurface pipes were observed along the channel above
Fan nuclide abundance bedrock @ = 0.06), basin sampling sites). These processes mix sediment from much of t
(P = 0.001), and channeR = 0.01)° width and depth of the basin as well as the length of the chann
. . ) Therefore, the channel-sediment nuclide concentration and t
Basin alluvium profile . . .
ECAC19A-1 176+ 0.17 9781075 resultanterosion and sediment generation rates we calculate
ECAC19A-2 1.36+ 0.21 10.53% 1.05 integrated both spatially (as described above) and tempora
ECAC19C 1.55+ 0.10 9.46+0.60 by cutting through the depth profile that represents a long-ter
ECAC19D-1 146£0.13 9.65£0.73  record of nuclide concentrations.
ECAC19D-2 1.62£0.08 9.38+ 0.66 The'®Be data we have collected are consistent with the abo
ECAC19E 1.37 0.09 8.73+0.77 S . )
ECAC19G 1165007 6.13L 045 description. The averag€Be concentration measured in the
ECAC19G-3 0.9% 0.17 6.99+0.71  stream-channel sediment (1.570.18 x10° atoms g?) is sta-
Averag@® 1.36+ 0.09 8.51+0.62 tistically indistinguishable from the average concentration of th
Basin nuclide abundance fan (P = 0.06)f basin alluvium profile samples, weighted by percentage of pr
Arroyo channel sediments file depth (1364 0.09 x 10° atoms g?). Additionally, there
ECACS8-2 1.74+ 0.09 10.07+ 1.05 are only slight differences<20) between the nuclide concen-
ECAC9 1.35+ 0.06 844+ 058  tration of the channel sediment and other sediment reservo
ECACI0 1.98+0.09 12.19:1.04  throughout the basin (Table 2) with the exception of the alluviz
ECAC11-1 1.30£0.10 7.05£053  fan, which occupies only a small portior:83%) of the basin.
ECAC11-2 1.20+ 0.08 7.06+ 0.61 . . }
ECAC11-3 108t 0.21 50s: 052  Channel-sediment nuclide concentrations are thus represer
Averag@ 157+ 0.18 935+ 117  tive of basinwide sediment nuclide concentrations.
Channel nuclide abundaneehillslope
(P = 0.06) and fan P = 0.01° Steady-State Erosion and Nuclide Inventory

Note.Samples ending with -1, -2, and -3 are grain-size fractions (125-500, Calculation of basinwide erosion rates from sediment nuclid
500-1000, and>1000um, respectively). Measurements are averade an- concentrations in well-mixed alluvium requires that a basin hav
alytical error (Lawerence Livermore National Laboratory). Averages reportel steady-state nuclide inventory for which the flux of nuclide:
W'T;t?:gggg:i Nl Zf/g;g mean. intp the basin equals the flux out (Bierman and Steig, 1996).

ged together before total averages were calculabe .. . . .

b Averages for profiles are weighted by sampled depth interval. asin with a Steady'State nuclide Inventory (Consta)Tmust

¢ Statistical comparisons between sediment reservoirs made using indege®-l0sing sediment masg) and associated nuclides at a con-
dentt-test assuming unequal variance at 90% confidence interval@.1). stant rate (steady-state erosion). Although we cannot direct
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determine if a basin has a steady-state nuclide inventory,we ¢  ©

- . ) Basin Alluvium Alluvial Fan Deposits alluvial fan
use steady-state erosion as a proxy. Several lines of eV|deE 50 | (ECAC-19) (ECAC-20) rad-ocjétgg ages
suggest that' the Arroyo Chavez basin i; elroding. steadily: dO\{\e, w00 ©r=— oy ©) unpublished data
basin isotopic homogeneity, depth-profile isotopic homogenei § 50 (“cyr)
and steady-state deposition of basin alluvium. ] -

(€ e 0 1770 50

. . . . . 200
Down-basin isotopic homogeneitylsotopic concentrations (©) ros

in sediment reservoirs throughout the Arroyo Chavez basin & % © rod ot ©) © 1750£60
similar (Table 2 and Fig. 5), suggesting steady-state erosig 3o
without long periods of storage. Particles systematically ag s |

w ground surfa

o1 (B) o 1760 + 60
A) —=—

proach the landscape surface and accumulate nuclides at sir@ w00 i) 0 2280 +60
rates throughout the basin. Differences in isotopic concenti A B emrbas=1c
tions between sample locations can be attributed to slight, loc 4% ; ' y T

0.5 1.0 1.5 2.0 05 1.0 1.5 20

variations (at the 1000-frscale) in erosion rates related to dif-
ferences in lithology, catchment size, and slope. Slightly highe:
nuclide concentrations in basin alluvium (1.360.09 x10° FIG. 6. 19Be concentrations measured in basin alluvium and alluvial far
atoms g') and channel sediment (1.5% 0.18 x10° atoms profiles. Radiocarbon dates from alluvial faf)(are displayed along the right
g—l) compared to hillslope colluvium (1.18.0.18 x 10° atoms edge of the figure (USGS, M. Pavich, unpublished data). (A) Basin alluviur

g—l) are likely the effect of nuclide accumulation integrated Ovépncentrations increase exponentially with depth, suggesting steady-state
lth d followi d iti position. (B) Alluvial-fan nuclide concentrations do not change with depth

several thousan ye_ars oflowing epOSI 1on. . indicating a local, brief period of deposition.

By contrast, a basin that was undisturbed by erosion for thou-

sands of years (i.e., along period of nuclide accumulation), a%%

1%8e (10° atoms g”') '%Be (10° atoms g™)

iven depthlf cm) is a function of the initial nuclide concen-

was only recently stripped of its upland sediment cover, sho tion C; atoms g?), the production rate at the surfack(

have deposits of high-concentration sediment in alluvial-f oms gL yr-1), the characteristic attenuation coefficient for

and basin alluvium, leaving newly exposed (previously shield? St neutrons £ g cnT2), the density of the overlying material

from cosmic rays), low-concentration bedrock and §ed|me/;cg cnt3), and the rate of sediment accumulatisren yr-2).
in the uplands. However, exposed bedrock surfaces in the Ar+

royo Chavez basin have higher average nuclide concentrati?é}gouowmg deposition, grains of sediment continue to accum
. nuclides until they are buried deeply enough (200 to 300 cr
(1.89 + 0.37 x10° atoms g*?) than other reservoirs. Fan de y Py gh(

: ) . ‘to be shielded from cosmic rays. Steady-state deposition pr
posits have lower average nuclide concentrations (8.807 x Y y P P

duces a nuclide depth profile which is constant at depths grea

1 - .
10° atoms @), uncharacteristic of material that has been e>§1an ~200 cm: nuclide abundance decreases with decreasi

posed for long periods of time and then stripped from the lan &pth of burial (Fig. 7A). The basin alluvium depth profile we
measured (Fig. 6A) is consistent with steady-state depositic
Depth profile isotopic homogeneityNuclide concentrations and therefore with steady rates of sediment generation.

in depth profiles of the alluvial deposits will record substantial Assuming the nuclide abundance at the time of depositic
changes in nuclide concentrations if erosion rates change oweis greater than or equal to the lowest concentration measul
time. The basin alluvium profile (Fig. 6A) displays a regulathroughout the basin{0.66 x 10° atoms g*, ECAC 14-1), we

increase in nuclide concentration with depth, consistent wigtoduced a series of curves representing model depth profiles
postdepositional nuclide accumulation rather than substantiifferent sedimentaccumulation rates (Fig. 8). By visually fitting
erratic changes in concentration indicative of changes in basihe measured data to the curves, we find the data correlate b

wide erosion rates over time. with the curve representing a minimum limiting deposition rate

Steady-state depositionA basin, the uplands of which are©f 280 m myr (o = 1.6 g cnT®), equivalent to 165 m myr
eroding at a constant rate will accumulate sediment at a céii-upland bedrock erosionp(= 2.7 g cnt?). This bedrock
stant rate in if the rate of sediment generation is faster than fféuivalent erosion rate is within one standard deviation of oth
rate of sediment export. Isotopic data collected from the bagiftimates (Dethieet al, 1988; Gelliset al, 2000) and the cal-
alluvium profile are consistent with steady-state deposition. Vg&lations we describe later in this discussion (Table 3). The d
use the constant-deposition model of Lal and Arnold (1985) Hpsmon rate we estimate indicates that sediment accumulati

approximate isotopic concentrations in sediments depositedfrfh basin begar-13,000 yr B.P., consistent with late Pleis-
the basin over time: tocene/early Holocene changes in climate and associated hyd

logic controls on sediment generation and transport (Bull, 1991

Although our model suggests steady-state erosion over t
depositional history of the basin, our solution is not a unique e»
planation of the data. A systematic increase in rates of sedime
In this relationship, nuclide concentratioN @toms g') at deposition related to increased basinwide erosion rates cot

scape prior to deposition.

PoA
N=C + %(1 — e /) 1)
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Steady-State Deposition Model Rapid Deposition Model
(sediment deposited steadily) (all sediment deposited at once)
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FIG.7. Steady-state and rapid-deposition models for basin alluvium. (A) Sediment, deposited at a steady rate has an initial concentration deteemine
erosion rate of upland source areas. If the basin is eroding steadily, all deposited sediment will have the same initial isotope concentrajitimestiarchcles.
As the sediment sits in storage and is slowly buried, it will accumulate atoms (arrows pointing to right) at a rate which decreases exponentiaHy agtithn
When sediment is buried 2 to 3 m, production approaches zero and accumulation stops (open circles). Particles higher in the profile will actopagdte iso
a shorter period of time (deposited later) and thus will not yet have reached steady-state. (B) Sediment deposited rapidly will have initiaficos¢eatrare
homogenous with depth (black circles). Nuclides then accumulate based on the depth-production relationship (Lal, 1991), resulting in zedlgxjeumeating
depth profile (open circles).

account for the lower nuclide concentrations near the profile tdpave behind low-concentration (previously shielded) sedimel
Alternatively, a recent stripping event depositing up to 100 cand bedrock. The upland bedrock surfaces have the highest 1
of sediment in the basin could result in greater nuclide conlide concentrations in the basin, suggesting long-term uplatr
centrations low in the profile (postdepositional nuclide accstability.
mulation) while recently deposited sediments near the top of theOn a smaller scale, the isotopic profile data collected from th
profile would have lower nuclide concentrations similar to thalluvial fan show little variation with depth (Fig. 6B) suggesting
hillslope colluvium. However, stripping of the uplands wouldapid, recent deposition. Several radiocarbon dates taken in
alluvial fan profile (M. Pavich, USGS, previously unpublishec

1986 (10° atoms g*) data) demonstrate that the uppermost 300 cm were depositec
00 05 10 15 20 25 30 35 thelast176G: 60C yrB.P. (Fig. 6B). Although the average
0 Pt R N A— 10Be concentration of the fan sediment is lower than the ave
g AN S age of the hillslope colluvium, hillslope samples collected di
60 errorbars =1 o rectly above the fan (ECAC14-1, -2, and -3), in an area of activ
100 t incision, have average nuclide concentrationg4@: 0.05 x
3 : . 10° atoms g*?) indistinguishable from the average fan nuclide
8 160 ¢ ; concentrations (87 0.07 x 10° atoms g?). These data il-
fg'-’? 200 4 lustrate the localized variations in erosion rates at the 1000 n
a scale that are integrated by arroyo cycling. Although our dat
z 2807 do not unequivocally prove steady-state erosion or a steady-st
S 300 | nuclide inventory, the three lines of evidence presented abo
§ indicate that the steady-state assumption is reasonable over
& 3501 ~13,000-yr depositional history of the basin alluvium.
400 7 - -
i AL 31 t Lack of Grain Size Dependence
450 4 100 200 280 400 500
i (58) (119) (165) (237) (296) Arroyo Chavez data indicate that nuclide concentrations a
500 -+ independent of sediment grain size (Fig. 9). These data are cc

FIG.8. Calculated isotopic depth profiles based on Eq. (1), the steady-st&@i§tent with measurements from other locations (Graegat,
deposition model of Lal and Arnold (1985). Each curve represents a rate 1996; Clappet al., 2000); however, Browaet al. (1995a) found
deposition (m myr?) indicated beneath the curve. Numbers in parentheses afgat thel®Be concentration in river sediment from the Luquillo
the associated bedrock-equivalent erosion rates (mHybeposition rates are Experimental Forest. Puerto Rico. was inversely proportionz

converted to erosion rates based on bedrock density of 2.7 § and sediment t . . d to diff t . | hani (
density of 1.6 g cm?3. An initial 1°Be concentration of 0.6610° atoms glwas L0 9rain Size due 10 dilierent erosional mechanisms respon:

the lowest nuclide measurement in the basin, ECAC 14-1. Error bars repredai@ for generating and transporting material of different size:
1o analytical error. Together, these studies suggest that the geomorphic proces
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TABLE 3
Sediment-Generation Rates and Bedrock-Equivalent Lowering Rates for Arroyo Chavez Area, New Mexico
10ge & 26 10ge & 26| 10ge & 26 Sediment Hypsometric
in channel sediment in hillslope colluvium deposition model buRiget  calculatiorf
Sediment generation rate (gyr—1) 275+ 65 402+ 138 4464 140 394+ 68 ~270+ na
Bedrock-equivalent lowering rate (m My) 102+ 24 149+ 51 165+ 52 146+ 25 ~100+ na
Effective time scal® (yr) ~10 to 20x 10® ~10 to 20x10° ~10 to 20x 10® 2 1.1x10°

2 Amount of time over which calculations are integrated.
b Gellis et al. (2000).
¢ Dethieret al. (1988).

such as mass wasting or deep-seated land slides likely resub@mdstones in the nearby Western Espanola Basit0§ m

nuclide dependence on grain size. In a semiarid drainage, wheng—1). The difference between the nuclide-based erosion ra

sediments of many different sizes move by the slow processesafl the sediment-budget erosion rate (Gellial., 2000) proba-

soil creep and surface wash, differential transport is less likddjy illustrates the importance of integration time {48 15 yr)

to occur and thus nuclide abundances are largely independerdd scale (1®dm? vs 16 m?). Interestingly, the nuclide-based

grain size. erosion rate determined only from hillslope colluvium sample
(149 + 51 m myr?) is very similar to that of Gellis and Aby
(1464 25 m myr?).

Erosion Rates, Sediment Generation, and Arroyo Cycling The erosion rate we have determined for Arroyo Chave
d%Be and?®Al data, we have calculated (102 + 24 m myrt) is substantially greater than bedrock rates

Using cosmogeni : . . . . .
asured in more arid regions with more erosion-resista

basinwide, time-integrated rates of sediment generation for |
Arroyo Chavez basin (Table 3). We present erosion rates rock and less soil development, such as south-central Al
lia, ~0.6 to 6 m myr! (Bierman and Turner, 1995), and

bedrock-equivalent lowering rates for comparison with oth 2 . 1Nt .
studies. The basinwide average erosion rate of 2024 m Antarctica,~0.1to 1.0 m myr™ (Nishiizumiet al, 1991). Our

myr! (determined from arroyo channel sediments) is less thA|gher erosion rates are consistent with an easily eroded lithc
the rate determined by Gelli al. (2000) from sediment traps ogy inaslightly wetter climate (semiarid) and in a location whert
on the Arroyo Chavez basin hillslopes (14&5 m myr1) but mechanical weathering is more prevalent. Our estimates are a

similar to that determined by Dethiet al. (1988), who calcu- consistent with more general, large-scale rates determined f

lated retreat rates on hypsometric profiles of weakly Iithofiet(tj_e Colorado Plateau of 165 and 83 m m]Yby Judson and
Ritter (1964) and Holeman (1968), respectively.

Both our cosmogenic data and the physical data collected |
Gellisetal.(2000) indicate that hillslopes are eroding faster tha
more resistant bedrock uplands. The average nuclide activity
grain-size (um) bedrock outcrops (1.82 0.37 x 10° atoms g?) is greater (90%

[ 125-1000 confidence) than that of hillslope samples1{l+ 0.18 x 10

3 1000-2000 atoms g?'), as would be expected when comparing the mo:
resistant materials in the basin (mesa-forming sandstones)
less resistant materials (slope-forming interbedded sandstor
and shales). Based on the isotopic evidence for higher hill
lope erosion rates and the greater basin slope area than outc
area 5% of the basin contributing area is exposed bedrock
our measurements indicate that bedrock-to-soil conversion
the hillslopes generates substantially more sediment within tt
basin than does erosion of bedrock outcrops. Our findings
greater rates of regolith production beneath a cover of collt
vium are consistent with previous works (Gilbert, 1877; Bull,
1991; Smalkt al., 1999) suggesting that, in more arid environ-
ments, colluvium retains moisture from infrequent precipitatiol
events that, when held in contact with bedrock, facilitates chen
ical and mechanical weathering. In more humid regions, suc

FIG.9. 19Be concentrations for different sediment grain size fractions &S those described by Heimsathal. (1997, 1999), colluvium
four samples. Nuclide concentration is independent of grain size. appears to hinder the production of regolith.
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We have calculated a basinwide, average sediment generatiamn, T. B., Stallard, R. F., Larsen, M. C., Raisbeck, G. M., and Francoise, \
rate (275+ 65 g nr2 yr—l) based on nuclide concentrations in (1995a). Denudation rates determined from accumulation of in situ-produc
channel sediment. Using the present-day sediment—contributinte in the Luquillo Experimental Forest, Puerto Ri&arth and Planetary

. . . . gcience Letter$29,193-202.
area of the basin (0.51 Knand an estimated maximum sedi-

Brown, E. J., Bourles, D. L., Colin, F., Raisbeck, G. M., Yiou, F., and
ment volume of the present-day arroyo cti20,000 nd, length Desgarceaux, S. (1995b). Evidence for muon-induced productidfiBef

of the arroyo and tributaries multiplied by average width andin near surface rocks from the Conggeophysical Research Lette, 703—
depth of the channel), the total volume of sediment generatedos.

(88 n? yr~1 based on a sediment density of 1.6 g¢ins suf- Bryan, K. (1925). Date of channel trenching in the arid Southv&miences2,
ficient to fill the present-day arroyo approximately once every338-344.

230 years. This calculation assumes that no sediment is expoitell W. B. (1991). “Geomorphic Responses to Climate Change.” Oxford Univ
from the basin during filling (e.g., a 100% trapping efficiency) Pess New York.

and that the net aeolian contribution is negligible (estimated @gPP: E- M., Bierman, P. R., Schick, A. P, Lekach, J., Enzel, Y., and Caffee, \
<1% by Gelliset al. (2000)). However, estimates of even 50 gﬁ?ggggg;g gg?j;%ews sediment production in arid region draina
to 75% sediment export would allow arroyo baCkﬁ"_mg r_OUQhI)éIark, D.H., Bierman, P. R., and Larsen, P. (1995). Improving in situ cosmogen
every 1000 years. Our data therefore show that in this smallghronometersQuaternary Researoti, 366-376.

high-elevation, semiarid basin, sufficient sediment is generatgghke, R. U., and Reeves, R. W. (1976). “Arroyos and Environmental Chang
from the hillslopes to fill the current arroyo and perpetuate thein the American Southwest.” Clarendon, Oxford.

arroyo cycles that have recurred several times during the pasthier, D. P., Harrington, C. D., and Aldrich, M. J. (1988). Late Cenozoic

3000 years (Elliotet al,, 1999). rates of erosion in the western Espanola basin, New Mexico—Evidence fro
geologic dating of erosion surfacéSeological Society of America Bulletin
100,928-937.
CONCLUSIONS Elliott, J. G., Gellis, A. C., and Aby, S. B. (1999). Evolution of arroyos: In-

- . cised channels of the southwestern United Statétncised River Channels”
Measurements dfBe and?®Al in the sediment and bedrock (s. £. Dorby and A. Simon, Eds.), pp. 153-185. Wiley, Chichester.

of the Arroyo Chavez basin indicate that the basin is in longsliis, A. C., Pavich, M. J., Bierman, P. R., Ellwein, A., Aby, S., and Clapp.
term erosional steady-state, that fluvial sediment is isotopically. M. (2000). Measuring erosion rates using modern geomorphic and isotof
representative of the basin as a whole, that grain size doe@easurements inthe Rio Puerco, New Mex{@eological Society of America
not control nuclide abundance, and that sufficient sediment j\°Stacts with Programs2, 207. _

produced (275 65 g nr2 yr*l) to support rapid arroyo cy- Gellis, A. C., and Elliott, J. G. (1998). Arroyo changes in selected watersheds

li The | bed K ival basi el ._New Mexico, United Statesn “Applying Geomorphology to Environmen-
cling. The long-term bedrock-equivalent basin-scale loweringy, Management, a Special Publication Honoring Stanley A. Schumm” (M

rate (102+ 24 m myr?) we calculate is in good agreement Harvey and D. Anthony, Eds.), pp. 271-284. Water Resources Publicatior
with other regional denudation estimates and local short-term.LcC, Highlands Ranch, CO.

measurements of sediment generation. Differences in nucliéibert, G. K. (1877). Geology of the Henry Mountains (Utah): U.S. Geograph
concentrations measured in bedrock and hillslope colluvium inical and Geological Survey of the Rocky Mountains Region, 160 pp.
dicate that weathering of subcolluvial bedrock generates mdér@nger, D. E., Kirchner, J. W., and Finkel, R. (1996). Spatially averaged lon

; ; i d from in-situ produced cosmogenic nuclides
sediment than weathering of exposed bedrock. term erosion rates measure
9 P alluvial sedimentJournal of Geologyl04,249-257.
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